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Abstract The thermal properties of new anion exchang-
ers prepared via the grafting process to polymeric particles
having hydroxyl groups on their surface were evaluated
by thermogravimetry and differential scanning calorim-
etry. The support microspheres were copolymers of 1,4-di
(2-hydroxy-3-methacryloyloxypropoxy)benzene (1,4 DMH)
and trimethylolpropane trimethacrylate (TRIM). They were
coated with polymeric layers formed by condensation
polymerization of primary amines with diepoxides. Syn-
thesized copolymers of methylamine and 1,4-butanedioldi-
glycidyl ether have a dendrimer structure. By TG/FTIR/
MS, it was observed that new dendrimeric materials
exhibited one stage of mass loss with Tmax1 400 C, con-
nected with degradation of organic layers. DSC and TG
experiments showed that water molecules are absorbed on
the materials surface. The synthesized anion exchangers
exhibited good thermal stability, suitable for their use in
chromatographic experiments carried out with higher
temperatures.
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Introduction
Crosslinked polymeric microspheres with developed por-
ous structure have many applications including the sta-
tionary phases for chromatography [1–3] and supports for
exchange of ionic compounds [4–6]. The chemical struc-
ture of polymeric stationary phases determines their use in
the separation of different types of organic compounds.
Functional microspheres can be prepared by polymeriza-
tion of functional monomers [7–9] or chemical modifica-
tion of primary particles [10, 11]. The process of grafting to
polymer surface is one way of the permanent functionali-
zation of polymeric particles. Covalent attachment of
organic parts onto a polymer surface assures the long-term
chemical stability of introduced chains, in contrast to
physically coated polymer chains [12–14]. Most stationary
phases currently used for separation of ionic compounds
are based on organic polymers as well as silica gel. In
contrast to stationary phases prepared on silica gel, organic
polymers show higher stability in extreme pH conditions.
The silica-based anion exchangers can be operated only in
between pH 2.0–9.5 while polymeric ion exchangers are
stable across the entire pH range. One of the most popular
anion exchange groups in the structure of the stationary
phases used in ion chromatography (IC) are the quaternary
ammonium groups [15, 16]. This type of stationary phases
exhibits good selectivity for the separation of inorganic and
organic anions. Quaternary ammonium groups can be
incorporated in the structure of anion exchangers as a result
of condensation polymerization of primary amine with
diepoxide [methylamine (MA) and 1,4-butanedioldiglyc-
idyl ether (BDDE)] [16–20]. In this type of synthesis, the
tertiary amine and quaternary ammonium groups are
formed, which are anion exchange centers when they are
used in IC. In our previous papers, we have reported on
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the synthesis, application, and thermal properties of the new
type of anion exchangers based on silica [21]. Our new
conception was to obtain anion exchangers based on 1,4
DMH-TRIM polymeric microspheres [22]. Their synthesis
and the utilization in ion chromatography was reported
earlier [19, 23]. This paper is a report on the thermal prop-
erties of prepared polymer-supported organic materials with
dendrimer structure using differential scanning calorimetry
(DSC) and thermogravimetry coupled with FTIR and MS to
analyze the evolved products during their decomposition.
Experimental
Materials
Laboratory-prepared 1,4 DMH-TRIM microspheres with
particle diameter of 5–10 lm were used as a support for the
grafting process. Their synthesis and properties were pre-
sented earlier [21]. The following reagents were used for the
chemical modification of the polymer support material:
methylamine (MA, 40 % in H2O, v/v) and 1,4-butanediol
diglycidyl ether (BDDE, 95 % in H2O, v/v). Both reagents were
obtained from Sigma-Aldrich Chemie (Steinheim, Germany).
Preparation of anion exchangers
Figure 1 shows the chemical structure of the anion
exchanger. This material was prepared by a modification of
5–10 lm sized copolymeric microspheres of 1,4 DMH-
TRIM possessing hydroxyl groups on their surface. The
polymer support was coated with polymeric layers formed
by condensation polymerization of primary amine with
diepoxide. The process was repeated to obtain the expected
number of bonded layers. The synthesis of each step was
carried out for 30 min in the temperature 333 K. Synthe-
sized grafted copolymers exhibit dendrimer structure.
Detailed synthesis procedure of the anion exchanger was
presented in our previous work [19]. The process was
repeated three, seven, eleven, and fifteen times to make
3, 7, 11, and 15-layers on the solid support, respectively.
Methods of analysis
Elemental analysis (CHN) was made using a Perkin-Elmer
CHN 2450 analyzer (Palo Alto, CA, USA). ATR-FTIR
spectra were recorded on a Tensor 27 (Bruker) spectrom-
eter equipped with a diamond crystal. The spectra were
recorded in the spectral range of 600–4,000 cm-1 with a
resolution of 4 cm-1 and 50 scans.
Thermogravimetric analysis of materials was carried out
with a Netzsch STA 449 F1 Jupiter thermal analyzer
(Germany) at the heating rate of 10 K min-1, in the tem-
perature range of 20–850 C, with the sample mass of
10 mg in two atmospheres: argon and synthetic air (80 %
nitrogen, 20 % oxygen). The gas flow was 20 mL min-1.
The gas composition evolved during the decomposition
process was detected and analyzed by a quadrupole mass
spectrometer QMS 403C Ae¨olos (Germany) as well as an
FTIR Tensor 27 Bruker (Germany) spectrometer coupled
on-line to a STA instrument. The mass spectrometer was
connected on-line to the STA instrument by a quartz cap-
illary heated to 300 C. The QMS was operated with an
electron impact ionizer with the energy of 70 eV. The
measurements performed in scan mode for m/z, where m is
the mass of the molecule and z is the charge of the mole-
cule in electron charge units in the range of 10 to 100 amu.
Calorimetric measurements were carried out with the
Netzsch DSC 204 calorimeter (Germany) operating in
the dynamic mode. The dynamic scans were performed at
the heating rate of 10 K min-1 from room temperature to
the maximum of 550 C under argon (30 mL min-1) and
synthetic air (30 mL min-1) atmospheres in two stages.
The first scan was performed from room temperature to the
maximum of 120 C to remove any adsorbed moisture,
especially water. The second scan was conducted between
20 and 550 C. The mass of the sample was 10 mg. As a
reference an empty aluminum crucible was used.
Results and discussion
Condensation polymerization of primary amine MA and






















Fig. 1 Structure of chemicals used in the synthesis of dendrimeric
materials: a 1,4-di(2-hydroxy-3-methacryloyloxypropoxy)benzene,
1,4 DMH; b trimethylolpropane trimethacrylate, TRIM; c 1,4-butan-
edioldiglycidyl, BDDE; d methylamine, MA
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support 1,4 DMH-TRIM (Fig. 1) gives a series of new
anion exchanger with dendrimer structure. After repeating
the process, 3, 7, 11, and 15-layered materials were
obtained. Their chemical structure and thermal behavior
were evaluated by means of CHN analysis, FTIR spectroscopy,
thermogravimetry, and differential scanning calorimetry.
In Fig. 2, a fragment of the structure of an anion
exchanger is presented, whereas Table 1 shows the results
of elemental analysis. It can be seen that the bare polymer
does not contain any nitrogen. In polymer-layered materi-
als, the percentage of nitrogen increases with the number of
bonded layers from 0.6 to 1.44 %. It was expected that this
growth should be exponential, but due to the steric hin-
drance exponential growth is not observed [19]. This sug-
gests that the expected dendrimer structure is not obtained
for all the bonded layers. Figure 3 presents exemplary
ATR-FTIR spectra of layered materials. The spectrum of
the bare polymer bands at 1,450 and 2,930 cm-1 attributed
to the C–H vibrations in the –CH3 and –CH2 groups are
observed. Absorption peak of the carbonyl group is present
at 1,725 cm-1, and the band at 3,480 cm-1 is attributed to
the –OH group vibrations. C–O-C group vibration is
observed on the spectrum in the form of a strong width
band with a maximum at 1,146 cm-1. The spectra of the











































Fig. 2 Structure of new anion
exchanger







Polymer – 59.92 7.40
Polymer-3 layers 0.65 58.57 7.84
Polymer-7 layers 1.09 56.91 8.23
Polymer-11 layers 1.29 56.41 8.67
































Fig. 3 FTIR spectra of prepared materials
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DMH-TRIM copolymer. New absorption peaks present at
1,571 and 870 cm-1 correspond to the N–H vibrations of
the amine groups. Moreover, the presence of the –CH2–
groups adjacent to the N–H groups in the structure of the
layered materials shifted the peaks of –CH2– vibrations to
2,864 cm-1 and the peak attributed to C–O–C vibrations
from 1,146 to 1,104 cm-1. In addition, the overlapping of
the C–N vibration band on the C–O–C peak causes its
broadening. Since in the layered materials, the N–H groups






















Fig. 4 DSC curves of silica composite materials covered by different





















Fig. 5 DSC curves of silica composite materials covered by different














































Fig. 7 DTG curves of polymer-layered materials
Table 2 Parameters evaluated from TG and DTG curves of anion
exchangers
Material IDT/C T50 %/C Tmax1/C Tmax2/C
Polymer 325 407 428 443
Polymer-3 layers 297 389 402 –
Polymer-7 layers 296 383 381 –
Polymer-11 layers 299 384 387 –

























Fig. 8 Gram–Schmidt plots for investigated materials
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broadened. Furthermore, there is a possibility to create
H-bonds in the network, which results in shifting broad
band from 3,480 to 3,380 cm-1.
The DSC was performed in argon and air atmospheres in
two steps: 20 to 120 C and 20 to 550 C. In the first step,
in both atmospheres, desorption of water from all materials
was observed [24, 25]. The second heating DSC curves of all
the polymer-layered materials in argon are presented in Fig. 4.
For the bare copolymer on the DSC curve, exo- and endo-
thermic effects are observed. The exothermic peak with the
onset at 150 C corresponds to post-crosslinking of the
copolymer [22]. This peak is followed by two endothermic
ones. The first one with the onset at 315 C is connected with
the initial decomposition of ester and ether bonds in the mate-
rial. The second one with the onset at 415 C is connected with
the final decomposition of material. The DSC curves for layered
materials exhibit another character. Along with the increased
number of layers, new exothermic peaks are observed on DSC
curves. For the 3-layer polymer, the exothermic peak with the
onset at 326 C appears, and is followed by the next endo-
thermic peak with the onset at 420 C. This endothermic effect
is connected with the decomposition of polymer core present in
the material, whereas the exothermic peak is a result of the
decomposition of grafted layers. The oxygen present in their
structure causes autocatalytic exothermic oxidation of the
organic layers. The same effect was observed for dendrimeric
anion exchangers with silica core possessing analogical organic
layers. For the materials studied, with an increasing number of
layers the endothermic peak on the DSC curve becomes
smaller, and for the 11-layer and 15-layer polymers it disap-
peared and the degradation process ran through only one step.
Figure 5 presents DSC curves of all the polymer-layered
materials conducted in air. In oxidative atmosphere, bare
copolymer exhibits better thermal stability than covered
materials. It starts decompose at 255 C whereas covered
copolymers decompose at about 180 C. At first, the oxidative
exothermic decomposition of organic layers is observed, and
then the copolymeric core decomposed.
The change in the degradation character of the grafted
materials is also observed in thermogravimetric results.
The TG mass loss curves and the corresponding derivate
curves are shown in Figs. 6 and 7, respectively. In addition,
the characteristic data obtained from the TG analysis are
given in Table 2. From the data presented, it is clearly
visible that the 1,4 DMH-TRIM copolymer has a higher
thermal stability than the grafted materials. Its initial
decomposition temperature, IDT, determined at 5 % of
mass loss, and T50 % are higher than for the covered
materials. The exception is the 15-layer polymer material,
which exhibits a slightly higher value of IDT than the bare
polymer and much higher ones than materials with other
numbers of layers. It was unexpected, but CHN results
indicate that the percentage of nitrogen in this material
should be higher and suggest that external layers do
not have dendrimer structure. Due to the high density of
the grafted chains, intramolecular crosslinking with 1,4-
butanedioldiglycidyl ether of the last layers was possible
[26, 27]. This crosslinking probably shifted the start of the
decomposition process to a higher temperature but after the
initial step, degradation ran very quickly, just as in the case
of other grafted materials. The DTG curves presented in
Fig. 7 show that the thermal degradation of the polymer
runs through two steps with Tmax1 at 428 C and Tmax2
443 C. The DTG profiles of polymers with grafted layers
are changing: for the 3-layer polymer is close to bare
polymer whereas for the 11-layer and 15-layer polymers
only one step degradation is observed. It takes place at
about 390 C. The IDT and Tmax values for anion
exchangers prepared on polymer core and silica support,
presented in our previous paper, are comparable and close







































Fig. 10 TG/FTIR of gases evolved from polymer and polymer-
15layers material heated at 390 C
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Moreover, thermodesorption of water from the surface
of dendrimeric materials is also observed on TG curves at
100–140 C. The presence of absorbed water was con-
firmed by the IR and MS analyses of the evolved gases.
Figure 8 shows the Gram–Schmidt plots that provide
information about the total IR absorbance of the evolved
components over the entire spectral range [28]. As can be
seen, the Gram–Schmidt plots are convergent with the
DTG plots and show a different character of the decom-
position process of polymer and dendrimeric materials. The
FTIR 3D spectrum of the evolved gases for the 15-layer
polymers material is presented in Fig. 9, whereas the
comparison of the FTIR spectra of the gases evolved at the
maximum rate of the decomposition (at about 390 C) for
polymer and 15-layer polymer materials is given in
Fig. 10. The FTIR spectra exhibited bands related to ali-
phatic compounds (2,978–2,820 cm-1) as well as CO2
(2,357 and 2,311 cm-1) and CO (2,182 and 2,110 cm-1).
In the carbonyl region, bands at ca. 1,744 cm-1 attributed
to the ester groups are observed. Moreover C–O–C vibra-
tion at 1,137 cm-1 is present on spectra. Finally, the
presence of water (bands in the region of 3,700–
3,600 cm-1) and methane (signal at 3,089 cm-1) during
the thermal degradation of materials was observed. In
addition, in the spectrum of the 15-layer polymer bands at
1,055 and 1293 cm-1 attributed to N–C vibration derived
from the decomposition of grafted layers. The MS profiles
of the evolved gases confirm the results from the FTIR
analysis. Exemplary MS results with the total ion current
profile (TIC) and extracted ions for the 15-layer polymer
are presented in Fig. 11. Evolution of water and ammonia
(m/z = 18, 17, 16, 15), carbon dioxide (m/z = 44), amine
fragments (m/z = 28, 29), carbon oxide (m/z = 28), ali-
phatic fragments (m/z = 15, 42, 43, 56), and carbonyl
fragments (m/z = 41, 43) was detected. In the final
decomposition, the material evolution of carbon dioxide
was detected. Thermodesorption of water precedes the
decomposition of material and take place at about 180 C
(m/z = 18).
Conclusions
The current work presents the thermal properties of a series
of new anion exchangers obtained via grafting of organic
chains to the surface of polymeric microspheres. The
synthesized materials are thermal stable to about 295 C,
depending on the number of grafted layers, whereas poly-
meric support is more stable; its IDT is 325 C. Unex-
pectedly, the thermal stability of the 15-layer polymer
material is higher than that of other layered materials and
or of bare polymer. The CHN and TG analyses conducted
suggest that the outer layers in this material are crosslinked
with 1,4-butanedioldiglycidyl ether. In addition, previous
experiments with the use of these materials as column
packings in ion chromatography show that the 7-layered
stationary phase gives optimal conditions for the separa-
tion. DSC and TG measurements indicated that organic
layers grafted to the surface of methacrylate polymeric
support altered its thermal degradation behavior. Layered
materials exhibit only one maximum on DTG curves
(Tmax1 * 400 C). The thermal stability of the prepared
anion exchangers is sufficient to use them in chromato-













































Fig. 11 MS profile of evolved
gases from polymer-15layers
material
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